Mitochondria maintain their morphology and functions through the optimized balance between the mitochondrial fusion and division. Here we report a novel role of mitochondrial dynamics in controlling the number of ER-mitochondria encounter structure (ERMES) clusters in a yeast cell. Loss of mitochondrial fusion or division caused the increased or decreased number, respectively, of ERMES foci observed in cells. ERMES complexes, therefore, appear to cluster with each other and mitochondrial division may inhibit undesired ERMES hyper-clustering. Furthermore, our microscopic analyses suggest that ER stress induces dissociation of ERMES clusters, increasing the number of ERMES foci even in the absence of Ire1 and Hac1, which are essential factors for the UPR response. Interestingly, we found that ER stress leads to expansion of both the ER and mitochondrial membranes in an ERMES function-dependent manner. These findings imply that a cell is equipped with two independent regulatory mechanisms controlling the number of ER-mitochondria contact sites to meet the cellular as well as environmental demands.
Introduction
Mitochondria are highly dynamic organelles and continuously fuse and divide to maintain their functionally optimized morphology. In yeast, two dynamin-related GTPases, Fzo1 and Mgm1 are known to mediate the mitochondrial outer and inner membrane (MOM and MIM) fusion, respectively [1] . Fzo1 is a MOM protein with two transmembrane (TM) segments and a large GTPase domain exposed to the cytosol.
Mgm1 is present as two isoforms, long and short forms (l-and s-Mgm1). l-Mgm1 is integrated into the MIM via its first N-terminal TM segment and exposes its GTPase domain to the intermembrane space (IMS). s-Mgm1 is a soluble IMS protein, which is released from the MIM after cleavage of the long form by a rhomboid protease Pcp1 located in the MIM [2] [3] [4] [5] . Another multi-spanning MOM protein Ugo1 physically interacts with both Fzo1 in the MOM and Mgm1 in the MIM and likely couples the MOM and MIM fusion events [6, 7] . Mitochondrial fusion is considered to contribute to attenuating mitochondrial oxidative damages, which could accumulate in mitochondria due to the generation of reactive oxygen species (ROS) as a byproduct of respiration. Impairment of the mitochondrial fusion leads to not only mitochondrial fragmentation by continuous mitochondrial fission but also to the loss of mitochondrial DNA (mtDNA). Consistent with the physiological importance of the mitochondrial fusion, mutations in Mfn2 and Opa1, mammalian Fzo1 and Mgm1, respectively, were found to cause human diseases such as Charcot-Marie-Tooth disease type 2A (CMT2A) and autosomal dominant optic atrophy (ADOA) [8] . Importantly, strong phenotypes associated with the cells defective in the mitochondrial fusion, growth defects as well as the loss of mtDNA can be suppressed by additional loss of division factors such as Dnm1 and Fis1 in yeast. Fragmented mitochondria in the cells with defective mitochondrial fusion are also restored to the ones in a tubular shape when mitochondrial division is additionally blocked [9] [10] [11] .
Dnm1, another dynamin-related GTPase, is recruited to the MOM with the aid of receptor proteins such as Fis1, Mdv1, and Caf4 and assembled into a helical structure to split a mitochondrial tubule through its GTP hydrolysis-dependent conformational change [12] [13] [14] [15] [16] [17] [18] . Mitochondrial division in mammals further requires a classical dynamin, Dyn2, in addition to the mammalian counterpart of Dnm1, Drp1 (Lee et al., 2016). Mitochondrial division reportedly occurs at the mitochondria-ER contact sites, suggesting that the ERMES (ER-mitochondria encounter structure) complex, which directly tethers the ER to the MOM, may participate in mitochondrial division [19] . Mitochondrial tubules become constricted by physical association with the ER via the ERMES complex, and Dnm1 is targeted to such characteristic spots on mitochondria to mediate mitochondrial division [20] .
The ERMES consists of four core subunits, ER-resident Mmm1, Vps39, which is responsible for the formation of vCLAMP, is phosphorylated, resulting in a decreased number of vCLAMP [34] . These observations suggest that mitochondria-ER contacts and mitochondria-vacuole contacts mediated by ERMES and Vps39, respectively, are reciprocally regulated, and that the functions of ERMES and vCLAMP are partly overlapping [34, 35] . A high-content imaging screen for yeast deletion mutants with an altered number of ERMES dots revealed that loss of Vps39 or that of mitochondrial division factors such as Dnm1 and Fis1 leads to an increased number of ERMES dots [35] . These previous observations suggest that spatially separated inter-organelle contacts are functionally connected, yet their underlying mechanism remains to be elucidated.
Here, we analyzed the relationship of mitochondrial fusion and division with the number of ERMES dots and found that loss of mitochondrial fusion or division caused increased or decreased number, respectively. Besides, we found that treatment of cells with tunicamycin or DTT, which induces ER stress, led to dissociation of the ERMES clusters, increasing the number of ERMES dots, independently of the mitochondrial division as well as unfolded protein response (UPR) components, Ire1
and Hac1. More importantly, we found that both the ER and mitochondrial membranes enlarge upon ER stress in a Mmm1-dependent manner probably for relieving the ER stress. These findings strongly suggest that dynamic changes in the number and size of ER-mitochondria contact sites play an important role in dealing with the stress conditions.
Results and Discussion

Mitochondrial fusion and division antagonistically affect the number of
ERMES foci
The main question we asked here is whether the cell has an active mechanism to regulate the number of inter-organelle contacts such as mitochondria-ER contact sites (MERCs), which are observed as dot-like structures under a microscope. If the cell is equipped with such a mechanism, we reasoned that regulators controlling the number of the MERCs could be localized in the MOM. To test this idea, we visualized MERCs with the split-GFP probes (Kakimoto et al., 2018) in yeast cells that lack each of the 53 different MOM proteins (Table S1 ). We noted that the number of MERCs significantly decreased in cells lacking Fis1, which functions as a receptor for mitochondrial division factor Dnm1 ( Fig. S1 ) [14] .
Since this observation is not consistent with the previous finding that the number of ERMES foci increased in the absence of Dnm1 or Fis1 [35] , we further asked if the loss of mitochondrial division would affect the appearance of ERMES.
We thus observed wild-type, dnm1∆ and fis1∆ cells expressing mitochondria-targeted RFP (Su9-RFP) and C-terminally GFP-tagged Mmm1 (Mmm1-GFP) under a confocal fluorescence microscope and acquired approximately 5-µm z-stack images that cover a whole cell with a 0.2-μm increment ( Fig. 1 ). To minimize the undesired effects on the appearance of ERMES dots, arising from possible variations of the Mmm1-GFP expression level, we adopted the stable expression of Mmm1-GFP from the chromosome. Maximum projection images reconstituted from the z-stacks showed that ERMES dots were localized on mitochondrial tubules in wild-type, dnm1∆, and fis1∆ cells although mitochondrial distribution was altered due to lack of mitochondrial division in dnm1∆ and fis1∆ cells; wild-type, dnm1∆ , and fis1∆ cells contained 5.8, 3.5 and 3.0 ERMES dots per cell on average, respectively. These results indicate that loss of mitochondrial division leads to a decrease in the number of ERMES dots. The reduced ERMES number observed in mitochondrial division-deficient cells was not due to decreased levels of ERMES subunits since the protein levels of Mmm1, Mdm12 and Mdm34 were all comparable between dnm1∆ cells and wild-type cells (Fig. S2A ).
We then re-examined the previously reported effects of loss of vCLAMP components on the number of ERMES foci. Although the vCLAMP component
Vps39 was found as a factor whose absence led to an increase in the number of ERMES foci [35] , we did not observe a drastic change in the number of ERMES foci in vps39∆ cells as compared with that of wild-type cells ( Fig. 1A, B ). On the other hand, loss of another vCLAMP component Ypt7 led to a slight increase in the ERMES dot number. These results collectively suggest that factors other than vCLAMP, e.g., the growth phase, growth media, or yeast strain backgrounds could also affect the appearance of ERMES dots in a complex manner.
We next estimated the number of Mmm1-GFP molecules included in a single ERMES dot from their GFP signals using Cse4-GFP as a standard [36, 37] .
Interestingly, we found that each of the ERMES dots in dnm1∆ and fis1∆ cells contains 335 and 351 of Mmm1-GFP molecules on average, respectively, which are significantly larger than 196 molecules per dot in wild-type cells (Fig. 1C ). The average numbers of Mmm1-GFP molecules per ERMES dot were similar in vps39∆ and slightly smaller in ypt7∆ cells as compared with that in wild-type cells. These results suggest that the reduced number of ERMES dots in yeast mutant cells defective in mitochondrial division reflects enhanced clustering of the preexisting ERMES clusters. The proper mitochondrial division may thus inhibit unnecessary clustering of ERMES complexes, thereby maintaining the appropriate number of the MERCs in cells.
If mitochondrial division suppresses hyper-clustering of preexisting ERMES
clusters and thereby controls the optimum number of ERMES foci, loss of mitochondrial fusion will, in turn, increase the number of ERMES foci due to ongoing mitochondrial division. We thus deleted mitochondrial fusion genes, FZO1, UGO1 or MGM1 and observed ERMES dots visualized with Mmm1-GFP. Since the lack of mitochondrial fusion causes loss of mtDNA, we used a rho 0 strain, in which mitochondrial DNA lacks, as a control. Supporting our above idea, defects in mitochondrial fusion by deletion of the genes for the MOM fusion, FZO1, and UGO1, increased the number of ERMES foci while the loss of mtDNA alone did not ( Fig. 1A,   B ). Deletion of the MIM fusion gene, MGM1, caused a marginal increase in the ERMES dot number, which could reflect the fact that Mgm1-mediated MIM fusion is not entirely coupled with the Fzo1-mediated MOM fusion [38] . Further supporting the role of mitochondrial division in controlling the number of ERMES foci, loss of the division gene DNM1 together with the loss of a fusion gene, FZO1, UGO1, or MGM1 reversed the phenotypes. That is, fzo1∆dnm1∆, ugo1∆dnm1∆ , and mgm1∆dnm1∆ cells exhibited tubular mitochondria due to simultaneous defects in mitochondrial fusion and division as reported, and the number of ERMES foci was changed to the level similar to the one for dnm1∆ cells, regardless of the simultaneous deletion of FZO1, UGO1 or MGM1 (Fig. 1A, B ). Besides, the estimated number of Mmm1-GFP molecules in an ERMES dot was clearly smaller when mitochondrial fusion was inhibited than those of wild-type and rho 0 cells while the Mmm1-GFP particles per ERMES dot drastically increased to the level similar to dnm1∆ cells when DNM1 was deleted together with FZO1, UGO1 or MGM1 (Fig. 1C ). These results suggest that mitochondrial fusion and division antagonistically affect the number of ERMES foci by controlling the clustering of preexisting ERMES foci.
Preexisting ERMES foci cluster together
To directly test the idea that the preexisting ERMES foci gather together, we utilized a yeast mating assay with which we can monitor mitochondrial fusion directly (Sesaki et al., 2003b) ( Fig. 2A ). Briefly, we constructed two types of yeast cells with the opposing mating types (MATa and MATα) that express Mmm1-GFP or Mmm1-mScarlet under the control of the GAL1 promoter. Then we examined how the ERMES foci behave after cell fusion. If the preexisting ERMES foci tend to cluster together, the green-and red-labeled foci should be merged or adjacent to each other after cell fusion ( Fig. 2A) . To exclude the mere possibility that newly synthesized Mmm1-GFP congregates into preexisting ERMES foci consisting of Mmm1-mScarlet, or vice versa, after cell fusion, we suppressed the expression of Mmm1-GFP and Mmm1-mScarlet before mating by cultivating the cells in a glucose-containing medium YPD for 4 hours.
Immunoblotting of whole cell lysates confirmed that Mmm1-GFP and Mmm1-mScarlet expression was shut off after cultivation in YPD ( Fig. 2B ). Strikingly, most ERMES foci labeled with different fluorescent proteins were adjacent to each other rather than completely merged (Fig. 2C ). This observation indicates that the different preexisting ERMES foci do not completely fuse, but instead contact with each other to form large clusters. We thus propose that the proper balance of mitochondrial fusion and division regulates clustering of preexisting ERMES foci, thereby maintaining the optimum number of ERMES foci (Fig. 2D ).
The ERMES foci number increases upon ER stress in an Ire1-and
Hac1-independent manner
Studies using mammalian cultured cells suggested that the MERC number increased under ER stress conditions [39] [40] [41] . In contrast, a recent study reported that ER stress did not drastically affect MERC foci visualized with split-GFP probes in U2OS cells suppressed the increase in the number of ERMES foci (Fig. 3B, F ), suggesting that a non-canonical mechanism independent of the IRE1/HAC mediates the ER-stress dependent change in the ERMES foci number. What mechanism underlies the dissociation of ERMES clusters under ER stress conditions? One possibility is that ER stress leads to dissociation of ERMES clusters through modifications like phosphorylation and ubiquitination of the ERMES components. However, this is unlikely because we did not observe band shifts of any of the ERMES components by SDS-PAGE followed by immunoblotting (Fig. S2C ). We also confirmed that yeast cells expressing Mdm34-3PA mutant, which lacks the PY motif critical for its ubiquitination by Rsp5 E3 ubiquitin ligase, showed a similar increase in the ERMES dot number after tunicamycin and DTT treatments (Fig. S2D) . Another possibility is that the ER stress induces alteration of phospholipid compositions of the ER membrane and/or MOM, which may affect the conformation and/or assembly of the ERMES complex, resulting in the split of the ERMES foci. However, we confirmed that at least phospholipid class compositions were not altered by tunicamycin and DTT treatments (data not shown).
ER-stress leads to expansion of both the ER and mitochondria membranes through ERMES functions
What is the possible physiological role of the ER stress-triggered increase in the ERMES dot number? A previous study showed that the ER membranes significantly expand upon ER stress in an Ino2/Ino4-dependent manner to attenuate the ER stress
[49]. Ino2/Ino4 transcription factors are known to activate transcriptions of a series of genes for phospholipid synthases [50] . On the other hand, it is well known that phospholipids have to shuttle between the ER and mitochondria via ERMES for their proper syntheses [51] [52] [53] [54] . Therefore, it is attractive to assume that the combination of transcriptional activation of the genes for phospholipid synthetic enzymes and the increase in the number of ERMES dots, which represent phospholipid transport sites between the ER and mitochondria, cooperatively enhance phospholipid biosynthesis under ER stress conditions. Supporting this idea, we found that the ER stress-dependent ER membrane expansion is partly suppressed by loss of Mmm1 (Fig. 4A ). ~90% of wild-type cells showed the ER structure with elongated membranes after ER stress inductions whereas ~50% of mmm1∆ cells contained such a developed ER structure ( Fig. 4C ). More importantly, we found that tunicamycin and DTT treatments led to a significant increase in mitochondrial structure as well (Fig. 4B, D) . We noticed that the loss of Mmm1 abolished the development of mitochondria membranes under these ER stress conditions. Similar mitochondrial expansion was observed when mitochondrial division factor Dnm1 is absent. It is known that the lack of a division factor Dnm1 leads to a change in mitochondrial morphology from tubular structures to net-like structures [9, 10] . The net-like mitochondrial shape was further enhanced likely owing to the mitochondrial membrane expansion by the ER stress (Fig. 3A, F) .
There results suggest that expansion of the ER and mitochondria membranes requires normal ERMES functions. Consistent with this idea, we found that mmm1-1 cells became more susceptible to the tunicamycin treatment as compared with the corresponding wild-type strain (Fig, 4E ). Collectively, our results strongly suggest a previously overlooked fact that ER stress induces the Ire1/Hac1-independent dissociation of ERMES clusters, which could activate phospholipid biogenesis in cooperation with the Ire1/Hac1-dependent transcriptional upregulation of phospholipid synthase genes. The enhanced phospholipid biogenesis would be critical for expansion of not only the ER but also mitochondrial membranes to buffer the ER stress ( Fig. 4F ).
However, there are some unresolved issues here. 
Material and Methods
Strains, plasmids, primers, and growth conditions
In this study, we used a Saccharomyces cerevisiae strain, FY833 (MATa ura3-52
lys2-∆202 trp1-∆63) as background strains [55] . All the yeast cells used in this study are listed in Table S1 . Yeast cells expressing Mmm1-GFP originated from FY833 was used as a wild-type strain throughout this study [55, 56] . The C-terminal GFP or mScarlet tagging, the introduction of the GAL1 promoter in front of the MMM1 gene and gene disruptions were performed by homologous recombination using the appropriate gene cassettes amplified from plasmids listed in Table S2 polypeptone, and 2% glucose), SCD (0.67% yeast nitrogen base without amino acids, 0.5% casamino acid, and 2% glucose), SD (0.67% yeast nitrogen base without amino acids, 0.13% drop-out amino acid mix and 2% glucose) media with appropriate supplements. The drop-out amino acid mix was a mixture of 2.6 g adenine, 6.0 g L-aspartic acid, 12 g L-threonine, 2.6 g L-asparagine, 1.8 g L-tyrosine, 6.0 g L-glutamic acid, 2.6 g L-glutamine, 2.6 g glycine , 2.6 g L-alanine, 2.6 g L-isoleucine, 1.2 g L-methionine, 3.0 g L-phenylalanine, 2.6 g L-proline, 22.6 g L-serine, 9.0 g L-valine and 2.6 g L-cysteine.
Fluorescence microscopy
Logarithmically growing yeast cells cultivated in SCD or SD media were observed under Olympus IX83 microscope with a CSU-X1 confocal unit (Yokogawa), a 100 x, 
Statistical analyses
The number of ERMES per a cell and signal intensities of ERMES and Cse4-GFP dots were shown as Enhanced phospholipid transport between the ER and mitochondria ER stress p = 0.032 p = 0.020
